The pig has a noninvasive epitheliochorial placenta, and trophoblast-endometrial epithelial bilayer development could impact on placental function. This work compared the morphological structures, the cell proliferation status as assessed by Ki67 staining, as well as the location and gene and protein expression of heparanase (HPSE) at the maternal-fetal interface between Yorkshire and Meishan pigs on Days 26, 50, and 95 of gestation. Histomorphometry showed that the widths of placental folds, endometrial stroma, and placental stroma in Meishan pigs were smaller than those in Yorkshire pigs during late gestation, while the complexity and the cell proliferation ability of the folded bilayer were greater in Meishan pigs in this period. The location and expression levels of HPSE mRNA and protein at the maternal-fetal interface were similar between the two breeds during early and midgestation. However, during late gestation, the mRNA and protein levels were higher in Meishan placentae. In addition, the HPSE mRNA was expressed by all the trophoblast cells, and the protein was located both at trophoblast and luminal epithelium cells in Meishan pigs during late gestation, while in Yorkshire pigs, the HPSE mRNA and protein were only identified in trophoblast cells located at the bottom and side of folds. The findings suggest that Meishan pigs may rely more upon the increase in the complexity of the folded bilayer within a reduced placenta to expand the exchange surface area and the HPSE may contribute to the development of the folded bilayer in pigs.
INTRODUCTION
Litter size in pigs is one of the most economically important traits. Modern sows can ovulate 20 to 30 oocytes, but only 9 to 15 piglets survive to birth due to the high rate of prenatal mortality in utero [1, 2] . Vallet et al. [3] recently concluded that an increased placental function is one of the important contributors to higher prenatal survival in pigs. A primary function of the placenta is the transfer of oxygen, nutrients, and waste [4, 5] . The efficiency of the nutrient transfer from the maternal to fetal systems affects the development of the fetus and thus influences prenatal survival in pigs.
The pig placenta is a diffuse, epitheliochorial type of placenta, where the fetal membrane does not invade into the uterine endometrium but interdigitates with the uterine luminal epithelial layer to form the folded bilayer [6] . The maternal and fetal capillaries are located on either side of the folded bilayer in a cross-countercurrent manner [7] , and thus the efficiency of exchange for nutrients and gasses at the maternal-fetal interface is influenced by the development of a folded bilayer, including the size of the interacting surface and the density and distance of capillaries that indent the plane of each layer. In order to accommodate fetal growth, the folded bilayer increases in complexity and size as gestation progresses to further increase the maternal-fetal interacting surface area [8] . In addition, Vallet and Freking [9] observed that the width of the folded bilayer is greater in placentae associated with small fetuses compared with their larger littermates, and the expansion of the folded bilayer relies on the thickness of the placental stromal tissue above. These results suggest that the development of a folded bilayer can be an important component to porcine placental function [3, 9, 10] . However the molecular mechanism of the development of a folded bilayer in pig placenta has yet to be elucidated [3] . When compared to commercial Western pig breeds such as the Yorkshire breed, the Chinese Meishan pig farrows three to five more live pigs per litter [11, 12] . This enhanced prolificacy and therefore decreased rates of fetal mortality have been attributed to the improved placental function and higher placental efficiency: (1) the placenta of Meishan pigs exhibits a greater density and permeability of blood vessels, and (2) compared with Yorkshire pigs, although the size of their uteri are similar [11, 12] , Meishan pigs have the ability to control the size of placentas and conceptuses/fetuses, thus they can carry more conceptuses/fetuses [13, 14] . We therefore speculated that the functionally relevant morphological characteristics of the folded bilayer development of pig placenta might also be different between Meishan and Yorkshire pigs.
Heparan sulfate proteoglycan (HSPG) is a major component of the extracellular matrix (ECM) and the basement membrane (BM), and is essential for the self-assembly and integrity of the BM and ECM. In addition to its architectural function, HSPG also acts as a reservoir for growth factors [15] [16] [17] [18] . HSPG was found to be one of the primary components of the pig placental stromal tissue [19] . Heparanase (HPSE) is the only endogenous endoglycosidase found to date that can degrade the HSPGs in the ECM and BM and therefore participate in degradation and remodeling of the ECM and BM [20] . Apart from its role in the tissue morphogenesis, HPSE is tightly involved in cell growth, primarily by means of releasing many kinds of growth factors that bind to HSPGs in BM and ECM [16, 21] . The development of the porcine placental folded bilayer is dependent on epithelial cell migration and proliferation, which is a process that requires matrix-degrading enzymes and growth factors to participate in breaking down ECM and promotion of trophoblast-endometrial epithelial cell prolifera-tion. The cDNA of porcine HPSE was cloned, and the HPSE gene was mapped close to the position of the quantitative trait loci for litter size and prenatal survival on porcine chromosome 8 [8] . Furthermore, Rempel et al. [22] reported that an single nucleotide polymorphism within exon 7 of the HPSE gene was weakly associated (P , 0.03) with litter birth weight adjusted for number weighed. Recent evidence revealed that the HPSE gene is expressed by trophoblast cells in pig and cow placenta [8, 23, 24] . These results imply that HPSE may play important roles in reproductive traits by the regulation of the development and modification of the folded bilayer of pig placenta. Thus, the objectives of this study were to determine whether (1) the morphological characteristics of the folded bilayer is different during early, middle, and late gestation (Day 26, 50, or 95 of gestation, respectively, term ¼ 114 days) between placentae of Meishan and Yorkshire pigs and (2) HPSE expression is breed specific and is associated with the development of the folded bilayer of pig placenta.
MATERIALS AND METHODS

Animals and Tissue Collection
All the animal experimentation was approved by the Hubei Province, PR China, Biological Studies Animal Care and Use Committee. Gilts used for this experiment were described in Hong et al. [25] . Briefly, Meishan and Yorkshire gilts were checked for estrus twice daily and mated naturally to boars of their own breed at the onset of estrus (Day 0) and again 12 h later. After the gilts were slaughtered on Days 26, 50, and 95 of gestation (n ¼ 3-4 gilts/breed/day of gestation), the uteri were removed rapidly and transported in an icebox to the laboratory. Then they were opened longitudinally along the antimesometrial side. For each pregnant uterus, rectangular sections of the uteroplacental interface (including myometrium, endometrium, and placenta) were collected approximately midway between where the umbilicus enters the placenta and the paraplacental zone as described by Vallet and Freking [9] . All the sections were taken from the middle of each uterine horn at the antimesometrial side of the uterus. The samples of uteroplacental interface were fixed immediately in 10% neutral-buffered formalin for 24 h followed by paraffin embedding (FFPE) for histology observation, RNA in situ hybridization (ISH), and immunohistochemistry. The placental tissue from implantation sites was collected, snapfrozen in liquid nitrogen, and stored at À808C until total RNA was extracted.
Histomorphometry
The paraffin-embedded tissues were then sectioned (4 lm thick), placed on Superfrost Plus slides (Thermo Scientific), processed through a graded series of xylene and ethanol, stained with hematoxylin and eosin, and placed under a cover slip. Morphometric measurements were performed on slides using a Nikon 80i light microscope fitted with a Nikon (DS-Fi1) digital camera and the NIS-Elements 3.2 software (Nikon). Ten different fields were analyzed in a slide. For each pregnant gilt, three healthy fetal/placental units were studied as individual samples; for each fetal/placental unit, one implantation site was used for morphometric measurements. The width of the placental folds that was used to assess the fold size was measured as described by Vallet and Freking [9] . Briefly, the tops (oriented with fetal side of the placenta as ''up) and bottoms of the placental folds within view (1003 magnification) were tagged, and these points were linked together to form a polygon. Then individual lines were drawn from the top of each fold to the intersection of the polygon at the bottom of the folds. A line connecting the center of each of these lines was then drawn across the length of the polygon, and the length of this line and the area of the polygon were measured by NIS-Elements 3.2 software (Nikon). The average width of the polygon was calculated as the area divided by the length of the line through the center, which gives a measure of the average width of the folds. In addition, a line was traced along the center of the placental folds themselves to obtain a length for the epithelial bilayer. This length was divided by the area of the polygon to obtain the length of the microscopic folds per unit area of the placental folds that was used to assess the fold complexity. To facilitate statistical analysis, the per unit area of the placental folds was magnified 1003, thus putting 100 lm 2 area of the placental folds as per unit area. The widths of the placental stroma (from the top of the folds to the border of the placental stroma) and endometrial stroma (from the bottom of the folds to the myometrium) were also measured.
RNA Extraction and cDNA Synthesis
Total RNA was extracted using Trizol reagent (Invitrogen) following the manufacturer's instructions and quantified by a Nanodrop ND1000 spectrophotometer. Two micrograms of RNA was reverse transcribed using M-MLV Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions.
Quantitative RT-PCR Analysis
Quantitative RT-PCR was carried out on the LightCycler 480 Real-Time PCR machine (Roche Diagnostics Ltd.) using a standard SYBR green PCR kit (Toyobo Co., Ltd.). The PCR reaction volume was 10 ll consisting of 2 ng/ll cDNA, 0.3 lM primers, 23 SYBR Green quantitative RT-PCR Master Mix (Toyobo Co., Ltd.), and RNase-and DNase-free sterile water. PCR conditions were as follows: single cycle of 5 min at 958C followed by 40 cycles of 30 sec at 958C, 20 sec at 628C, and 15 sec at 728C. The primers were designed by the Primer 5.0 program (Primer, Canada). The primer sequences, melting temperature, and product size were shown in Table 1 . The GAPDH gene was used as a control. The PCR amplifications were performed in triplicate for each sample.
QuantiGene ViewRNA ISH on FFPE Tissue
Nonradioactive ISH was performed using the QuantiGene ViewRNA FFPE Assay (Affymetrix/Panomics) according to the manufacturer's instructions. In brief, 4 lm sections were cut, fixed in 10% formaldehyde, and deparaffinized. Prehybridization conditions were found to be optimal with 7 min of boiling in pretreatment solution (Affymetrix) and 15 min of protease QF (Affymetrix) digestion. Sections were hybridized for 3 h at 408C with a custom-designed QuantiGene ViewRNA probe against pig HPSE (Affymetrix). Bound probes were then amplified per protocol from Affymetrix using PreAmp and Amp molecules. Thereafter, multiple labeled probe oligonucleotides conjugated to alkaline phosphatase were added, and FastRed substrate was used to produce signals (red dots, Cy3 fluorescence or red fluorophore). Slides were counterstained with Gill's hematoxylin or 4 0 ,6-diamidino-2-phenylindole (DAPI) and a cover glass was added. Images were taken by a Olympus BH-2 light microscope (Olympus) and fluorescence microscope (Nikon Eclipse TE2000-S; Nikon Instruments) respectively.
Immunohistochemical Analysis
Immunohistochemical analysis (IHC) to determine HPSE expression at the maternal-fetal interface from different pig breeds at three gestational time points was performed by standard IHC procedures as previously described [25] . Sections (4 lm thick) were deparaffinized with xylene and rehydrated in an alcohol gradient, then treated with 3% hydrogen peroxide (H 2 O 2 ) to block endogenous peroxidase for 15 min at room temperature. After rinsing with distilled water, sections were submitted to heat-induced epitope retrieval by microwave treatment in 0.01 M sodium citrate buffer, pH 6.0. After rinsing with phosphate-buffered saline (PBS), sections were blocked with 5% bovine serum albumin in PBS for 30 min in a humid chamber at room temperature. Then sections were incubated with a rabbit anti-human HPSE-1 polyclonal antibody (1:100, ab85543; Abcam) at 48C overnight and then in biotinylated secondary antibody (1:100, SA1022; Boster Corporation). Following immunostaining, sections were counterstained with hematoxylin and mounted. For each sample, a negative control was performed by replacing the primary antibody with corresponding nonspecific immunoglobulin G (IgG). All the sections were stained immunohistochemically under the same conditions. Ki67 has been employed as a well-validated marker of cell proliferation [26, 27] ; to determine placenta cell proliferation, the polyclonal rabbit anti-human Ki67 antibody (1:50, ab833; Abcam) was used for IHC. The procedures are the same as those described above. Photomicrographs of the sections were captured using an Olympus BH-2 microscope and digital camera DP72 (Olympus). For each pregnant gilt, three healthy fetal/placental units were studied as individual samples; for each fetal/placental unit, one implantation site were used for immunohistochemistry. Immunohistochemical staining was analyzed by integrated optical density (IOD) using Image-Pro Plus 6.0 software (Media Cybernetics) as described by Ritter et al. [28] with minor modification. Briefly, the four captured digital images (403 TIFF-format) from each individual samples in each pregnant gilt were analyzed in a blinded manner. All of the images were taken using the same microscope and camera sets. The trophoblast, endometrial luminal epithelium, and glandular epithelium in each image were circumscribed using the irregular area of interest tool included in the Image-Pro Plus program. Then, the circumscribed area and the IOD of trophoblast, luminal epithelium, and glandular epithelium were obtained, and the IOD/area was calculated to express the intensity of staining per unit area. Photographic plates were assembled using Adobe Photoshop CS3 version 10.0 (Adobe Systems Inc.).
Statistical Analysis
The date was analyzed using PROC MIXED version 8.1 (SAS Institute, Inc.) using a model that included the fixed effects of day of gestation (26, 50 , and 95), breed (Meishan and Yorkshire), and the breed 3 day interaction. Gilt within breed 3 day was included as a random effect. The effects of day of gestation, breed, and the breed 3 day interaction were tested for the width of endometrium, the width of placental stroma, the width of the placental folds, the length of the folded bilayer per unit area (100 lm 2 ) of the placental folds, and the placental HPSE mRNA expression levels as well as the intensity of the immunohistochemical staining. The results were presented as the least-squared means 6 SD. P , 0.05 was considered significant. became wider and more complex with advancing gestation. On Day 26 of gestation in Meishan and Yorkshire pigs, the noninvasive epitheliochorial placenta was established, but only a few irregular microscopic folds were formed. On Day 50 of gestation, the adhered trophoblast-endometrial epithelial bilayer formed regular microscopic folds, and the folds deepened further and became more complex on Day 95 of gestation in the two breeds (Fig. 1) . Morphometry was used to further assess the morphological characteristics of the microscopic folds and placental and endometrial stroma at different periods of gestation. Analysis of the width of the placental folds indicated significant effects of breed and day of gestation (Table 2 ; P , 0.01). The width of the placental folds increased with advancing gestation and was greater (P , 0.01) for placentae associated with the Yorkshire pigs compared with the Meishan pigs on Day 95 of gestation, although this difference did not reach statistical significance (P . 0.05) on Day 50 of gestation. Analysis of the length of the folded bilayer per unit area (100 lm 2 ) of the placental folds indicated significant effects of breed and day of gestation (Table 2 ; P , 0.01). The length of the folded bilayer per unit area (100 lm 2 ) of the placental folds increased as gestation progressed, and this difference between the two breeds was evident (P , 0.01) on Day 95 of gestation. However, unlike with the width of the placental folds, the length of the folded bilayer per unit area was greater in Meishan placentas compared with the Yorkshire placentae on Day 95 of gestation. Analysis of the placental and endometrial stromal widths also indicated significant effects of breed and day of gestation (Table 2 ; P , 0.05). The placental stromal widths for Meishan placentae were smaller than Yorkshire placentae on Day 95 of gestation (P , 0.01), whereas this difference did not reach significance (P . 0.05) on Days 26 and 50 of gestation. The endometrial stromal widths of Meishan pigs were smaller than those of Yorkshire pigs on Days 26, 50 and 95 of gestation (P , 0.05).
RESULTS
Morphometric Analysis of the Placenta
Proliferative Characteristics of the Cells in the MaternalFetal Interface
The Ki67 immunostaining patterns of Meishan and Yorkshire placentae on Days 26 and 50 of gestation were similar (Fig. 2, A and B) . On Day 26, most of the trophoblast cells were positive for Ki67 staining, and only a small number of uterine luminal epithelial cells and glandular epithelial cells were positive for Ki67 staining. Whereas on Day 50, just a few Ki67 positive signals were dispersed homogeneously throughout the trophoblasts, luminal epithelial cells and glandular epithelial cells. However, on Day 95 of gestation, the Ki67 immunostaining patterns at the maternal-fetal interface were obviously different between the two breeds (Fig. 2, A and B) . In Meishan pigs, all of the trophoblasts, luminal epithelial cells, and glandular epithelial cells were positive for Ki67, whereas in Yorkshire pigs, the Ki67-positive signals were absent in the uterine luminal epithelial cells and those trophoblasts on the top of the placental folds but were detected in the glandular epithelial cells and the trophoblasts located at the bottom and side of the placental folds. In addition, the Ki67 immunostaining was present in the placental areolae that are located at the openings of uterine glands in both pig breeds on Day 95 of gestation, with almost all the cells being positive for Ki67 staining (Fig. 2C) .
Quantitative PCR Detection of the HPSE mRNA Expression in Placentae
Significant breed and stage effects in the HPSE mRNA expression levels in placentae were detected (Fig. 3) . In Meishan pigs, HPSE mRNA levels decreased 250.2-fold (P , 0.01) from Day 26 to 50 of gestation, then increased 598.62-fold (P , 0.01) from Day 50 to 95 of gestation. In Yorkshire pigs, HPSE mRNA expression levels in the placentae appeared to follow similar trends with those in Meishan pigs from Day 26 to 95 of gestation. However, on Day 95 of gestation, the HPSE mRNA levels in Meishan placentae were significantly higher (2.35-fold; P , 0.01) than those in Yorkshire placentae.
Expression Patterns of HPSE mRNA in Trophoblast Cells in Meishan and Yorkshire Placentae
Nonradioactive ISH analysis demonstrated that HPSE mRNA was uniquely expressed by the trophoblast cells at the maternal-fetal interface on Days 26 and 95 of gestation in Meishan and Yorkshire pigs (Fig. 4, A and B) . On Day 26 of gestation, HPSE mRNA was abundant in trophoblast cells. However, on Day 50 of gestation, HPSE mRNA signal was barely detectable in trophoblast cells. On Day 95 of gestation, although the HPSE mRNA was also abundant in trophoblast cells, the expression patterns were different between the two breeds. In Meishan pigs, HPSE mRNA was expressed by almost all the trophoblast cells, but in Yorkshire pigs, HPSE mRNA was mainly expressed by the trophoblast cells located at the bottom and side of the placental folds.
Expression Patterns of HPSE Protein at the Maternal-Fetal Interface in Meishan and Yorkshire Pigs
Immunohistochemical analysis was performed to determine the location of HPSE expression at the maternal-fetal interface. Consistent with the temporal and cell-specific expression patterns of HPSE mRNA in Meishan and Yorkshire placentae on Days 26 and 50 of gestation, HPSE protein was localized only to trophoblast cells on Day 26 of gestation and was barely detected on Day 50 of gestation (Fig.  5, A and B) . Furthermore, the intense staining of HPSE was observed mainly in an apical position of the trophoblast cells on Day 26 of gestation (Fig. 5A) . On Day 95 of gestation, the Statistical analysis demonstrated that the expression level of HPSE in the pig placenta not only had a significant gestational day effect (P , 0.01) but also had a significant breed effect (P , 0.01) in late gestation. The different superscript alphanumeric characters indicated a statistically significant difference at P , 0.05. The data was shown as the mean 6 SD.
HEPARANASE REGULATES DEVELOPMENT OF PLACENTAL FOLD localization and protein level of HPSE were in a breedspecific manner (Fig. 5, A and B) . In Yorkshire pigs, consistent with the HPSE mRNA expression pattern, moderate staining of HPSE was detected in the trophoblast cells, which were mostly located at the bottom and side of the folds, and no positive signals were observed in the uterine luminal epithelial cells. However, in Meishan pigs, not only all the trophoblast cells but also all the uterine luminal epithelial cells were found to be positive for the HPSE immunohistochemical staining, and the positive signals were localized mainly at the interface of the trophoblast-endometrial epithelial bilayer. Because HPSE protein can be secreted to the extracellular matrix [16, 29] , we speculated that the HPSE might be taken up by the uterine luminal epithelial cells via endocytosis. In addition, we observed the signals of HPSE immunohistochemical staining in the glandular epithelial cells (Fig. 5C) , and the staining intensity in the glandular epithelial cells was significantly higher in Meishan pigs ( Fig.  5B ; P , 0.05).
DISCUSSION
In pigs, around Days 13-15 of gestation, the conceptus starts to attach to the endometrium for initial placentation, and the noninvasive epitheliochorial placenta is established around Days 26-30 [30, 31] . Then the trophoblast-endometrial epithelial bilayer begins to form microscopic folds [7] . From the results of histology analysis in Meishan and Yorkshire placentae, the morphological structures of placental folds deepened further and became more complex as gestation proceeds. This observation is consistent with previous reports [8, 9, 30] . Although the tendency of the morphological changes of the folded bilayer during early to late gestation was similar between the two breeds, significant differences in morphological structures of placental folds were observed in the two breeds during late gestation. When compared to Yorkshire pigs, the width of the placental folds and the thickness of the endometrial and placental stromal tissue in Meishan pigs were smaller on Day 95 of gestation. Previous reports have revealed that the further widening of placental folds relies on the width of the placental stroma above the folds [3, 10] . The smaller widths of the endometrium and placental stroma in Meishan pigs during late gestation, which means that the space for the folded bilayer deepening is limited, may result in a decrease in the width of the placental folds in Meishan pigs. It is worth noting that, in contrast to the width of the placental folds, the length of the folded bilayer per unit area of placental folds, a measure of the complexity of the folded bilayer, was greater in Meishan pigs compared with the Yorkshire pigs during late gestation. These data suggest that the expansion of the fetomaternal-interacting surface area in Meishan pigs depends on an increase in the complexity of the folded bilayer. Researchers have demonstrated that one of the reasons for the higher rate of survival to term in Meishan piglets is related to the ability to control placenta growth in response to limitations in uterine capacity [14, 32] . Thus, our findings led us to hypothesize a possible mechanism for Meishan pigs to compensate for the reduced placenta size: Meishan pigs may rely more upon the increase in the complexity of the folded bilayer to expand the fetomaternal interacting surface area for nutrient exchange.
During early and midgestation, consistent with the results of histology analysis, the mRNA and protein expression patterns of HPSE at the maternal-fetal interface were similar between Yorkshire and Meishan pigs. During early gestation (Day 26), real-time PCR analysis revealed high expression levels for HPSE mRNA in Meishan and Yorkshire placental tissues. In situ hybridization illustrated that HPSE mRNA was uniquely expressed to the trophoblast cells, and the results of the IHC experiments further showed that HPSE protein was located mainly in an apical position of the trophoblast cells. On Day 26 of gestation, the trophoblast-endometrial epithelial bilayer began to form microscopic folds associated with attachment, migration, and proliferation of the epithelial bilayer. The pig placenta contains a complex ECM composed of several glycosaminoglycans, and HSPG is one of the primary components [19] . Dantzer [30] found that during early gestation a thick glycocalyx on the surface of uterine epithelium was observed before close contact was established at the maternal-fetal interface, indicating that a reduction of the maternal glycocalyx takes place when close apposition developed. Given the location of HPSE protein in an apical position of the trophoblast cells, it is possible that HPSE plays a role in early placentation by initiating the breakdown of HSPGs in the ECM of the maternal-fetal interface to facilitate the attachment, migration, and initiation of the folding in the epithelial bilayer. In addition, HPSE is tightly involved in cell growth by way of releasing a large amount of growth factors (such as FGF and VEGF) sequestered by HSPGs in BM and ECM [16, 19] . In support of this, the proliferation marker Ki67 protein was detected in trophoblast cells on Day 26, suggesting a role of HPSE in promoting trophoblast cell proliferation to form microscopic folds. During midgestation (Day 50 of gestation), the mRNA and protein expression signals of HPSE were barely detectable in placentae of Meishan and Yorkshire pigs. One possible explanation is that the adhered trophoblast-endometrial epithelial bilayer has formed regular microscopic folds at this stage and is in a steady-state stage of development. Taken together, our results suggest that HPSE might contribute to the regulation of placental microscopic folds development in pigs by initiating the breakdown of HSPGs in the ECM of the maternal-fetal interface and promoting trophoblast cell proliferation.
During late gestation (Day 95 of gestation), both the mRNA and protein expression patterns of HPSE at the maternal-fetal interface were different between Yorkshire and Meishan pigs, and coincidentally, significant breed differences in morphological structures of the microscopic folds were also observed during this period. In Meishan pigs, the higher mRNA level of HPSE was expressed by the trophoblasts, and HPSE immunohistochemical staining were present and intense in the entire area of the folded bilayer, including not only all of the trophoblasts and but also the uterine luminal epithelial cells. Combined with the data that the complexity of the folded bilayer was greater in Meishan pigs compared with that of Yorkshire pigs on Day 95 of gestation, our finding suggests a HPSE-depended molecular mechanism allowing Meishan pigs to increase the interacting surface area within a reduced size of placenta: an intense expression of HPSE protein localized in the whole folded bilayer in Meishan pigs may promote migration and proliferation of all the epithelial cells and thus increase the complexity of the folded bilayer in response to the crowded intrauterine environment. On the other hand, consistent with the report by Miles et al. [8] , HPSE mRNA was detected in the trophoblast cells located at the bottom and side of the folds in Yorkshire pigs. Furthermore, moderate staining of HPSE was observed only in the trophoblast cells located at the bottom and sides of the folds, but absent in the uterine luminal epithelial cells, and the expression patterns of Ki67 in different cell types in Meishan and Yorkshire uteri/ placentae were correlated with the patterns of HPSE. These findings support the hypothesis that in Yorkshire pigs the widening of placental folds may result from the migration of the cells located at the bottom and sides of the folds downward to surround the stroma [3, 8] . The investigation of physiological functions of the trophoblast cells in placental development in the two breeds is ongoing in our laboratory.
It is interesting to note that the HPSE mRNA signals were detected in the trophoblasts but not in the glandular epithelial cells. Miles et al. [8] reported that the HPSE mRNA signals are lacking in the placental areolae that are located at the openings of uterine glands and responsible for uptake and transplacental transport of secretions [33, 34] . However, we observed that the signals of both the HPSE and Ki67 immunohistochemical staining were present in the glandular epithelial cells and the placental areolar cells on Day 95 of gestation in the two breeds. In addition, we also observed intense HPSE immunohistochemical staining signals in the gland lumens. Thus, these findings led us to speculate that the HPSE secreted by the trophoblasts might be taken up by the adjacent placental areolar cells and then delivered to the glandular epithelial cells to promote glandular epithelial cell proliferation.
In summary, the study revealed that (1) the morphological structures of placental folds were different between Meishan and Yorkshire pigs during late gestation and (2) the expression patterns of HPSE mRNA and protein, which coincided with the morphological changes in the placental folds, varied by gestational stage and were breed specific. These findings suggest a mechanism for Meishan pigs to compensate for the smaller placenta size and provide evidence that the HPSE may have a role in the development of the placental folds and contribute to placental function in pigs.
